Abstract. We discuss the prospects for charged Higgs boson searches at the LHC, within the two-Higgs-doublet models (2HDM). The 2HDM is generally less constrained than the corresponding sector of the MSSM, but there are still severe theoretical and experimental constraints that already exclude significant regions of the naive parameter space. Explicit searches in the H + → τ + ν and H + → tb channels are further restricting parts of the 2HDM parameter space.
Introduction
The discovery of the Higgs particle [1, 2] raises the obvious question of whether there are more Higgs-like particles. While the simplicity of the minimal Standard Model is very attractive, there are well-known issues that remain to be understood. So far, searches for additional neutral Higgs bosons have found nothing up to a mass of the order of 1 TeV (see, for example, Ref. [3] ).
The charged-Higgs sector of the 2HDM has many features in common with the MSSM, but it is a priori less constrained. The mass is essentially unknown, but constrained relative to other parameters of the model. Compared to the MSSM, there is more room for a wide range of masses. In particular, the charged Higgs boson mass could a priori be rather different from the neutral Higgs masses.
In the next section we shall introduce some basic notation, and review the most important constraints. Then, in the following sections we will separately discuss three mass ranges. In section 3 we discuss the light-mass case, where a top quark may decay to a charged Higgs boson, t → H + b. In section 4 we discuss the intermediate mass region, where the charged Higgs boson is too heavy to be produced via top decay, but where the Model II is excluded by the b → X s γ constraint, up to of the order of 480 GeV [4] 1 . In section 5 we consider still higher masses, where the b → X s γ constraint does not apply. For a complementary review, see Ref. [6] .
In many studies, the terms with λ 6 and λ 7 are left out, in order to control flavour-changing neutral interactions.
The spectrum consists of three neutral Higgs boson (the lightest one is here assumed to be the discovered one, at 125 GeV), and a charged pair, H ± . If CP is conserved, there are two CP-even ones (h and H, arising from η 1 and η 2 in Eq. (2.1)), and an odd one (A, arising, together with the neutral Goldstone boson, from χ 1 and χ 2 ). If, on the other hand CP is not conserved, they will mix to mass eigenstates H 1 , H 2 and H 3 , with H 1 being the lightest one.
The Yukawa interactions can be written as
where Φ a = iσ 2 Φ * and Q L and L L are left-handed quark and lepton doublets, whereas D R , U R and L R are the corresponding right-handed fields. Different choices for the F a define different "Models": Model I is defined by Φ 2 (and only Φ 2 ) coupling to all fermions, whereas in Model II the d-type quarks and charged leptons couple exclusively to Φ 1 , whereas u-type quarks couple exclusively to Φ 2 . This is similar to the structure of the MSSM [9] . These coefficients F a are proportional to the quark (and lepton) masses, as required by the Higgs mechanism. The implications for the charged-Higgs coupling are that they will consist of two parts, one with a left-handed and the other with a right-handed projector, one proportional to the down-type mass, the other to the up-type mass. The different models give different combinations of projectors and mass factors. For example, for Model II and third-generation quarks we have (with all fields incoming)
where g is the SU(2) coupling and V the CKM matrix. There are also Models X and Y, which are basically variants of Models I and II, with different leptonic couplings.
Important constraints
A recent summary of theoretical and experimental constraints can be found in Ref. [10] . The theoretical constraints include positivity, unitarity and perturbativity, whereas the experimental ones arise from low-energy phenomena, such as various B-meson decays where the existence of a charged Higgs boson would contribute additional effects, as well as precision measurements at LEP constraining radiative corrections related to the electroweak bosons W and Z.
Among the constraints coming from B-meson decay, the B → X s γ decay, which is experimentally well measured and in the SM dominated by a one-loop diagram involving the W + will in the 2HDM Model II also get a contribution from H + exchange. Careful analyses of this effect have led to a mass bound M H ± > ∼ 480 GeV [4] (recently updated to M H ± > ∼ 570 GeV [5] ), largely independent of tan β.
The relevant LEP precision data, derived from the vacuum polarization, or radiative corrections to the W and Z self-energies are usually quantified in terms of the parameters S, T and U [11, 12, 13] . If the charged Higgs is heavy, the smallness of T [14] imposes strong constraints on the allowed splitting between M H ± , M H and M A [15, 16] .
3. The low-mass region, M H ± < ∼ m t In the low-mass region, where the H + can be produced via t decay, Model II and Model Y are excluded by the B → X s γ constraint. For Model I, all Yukawa couplings are proportional to cot β. Thus, the sensitivity is larger at low tan β.
The LHC experiments have already set very strong bounds on the branching ratio for t → H + b, assuming the decay H + → τ + ν [17, 18] . These bounds effectively exclude some range of low values of tan β, as illustrated in Fig. 1 , where the region above the dashed bars is excluded by the two experiments at the 95% CL. It is seen that in the low-mass region, only Model I with high values of tan β, tan β > ∼ O (5) is still allowed.
Model X is like Model I in its couplings to quarks, and would thus have the same branching ratio for t → H + b. However, the leptonic coupling is proportional to tan β rather than cot β. Thus, at low values of tan β the exclusion in Model X is somewhat less severe than in Model I.
In this mass region, assuming the H + → W + A/H and H + → W + h rates to be negligible (due to phase space and couplings, respectively), we can approximate the H + → τ + ν branching ratio as
In Model I, with both rates proportional to cot 2 β, the branching ratio is independent of tan β and of the order of 0.7 [10] , whereas in Model X the rate Γ(H + → τ + ν) is instead proportional to tan 2 β and the branching ratio quickly approaches unity. Thus, the deterioration in exclusion reach from Model I to Model X is rather modest.
In the decay of t → H + b, one has also searched for H + → cs [19] , but the Model I branching ratio is lower by a factor ∼ 3/7 and this channel is not compatible with the τ ν channel.
The intermediate-mass region
GeV Also in the intermediate-mass region, Model II and Model Y are excluded by the B → X s γ constraint. But in contrast to the low-mass region, the charged Higgs boson can not be produced via top decay. A variety of production mechanisms are involved. In the 5-flavour scheme 2 , where b quarks are considered parts of the proton and have non-zero distribution functions, the relevant partonic processes are
Two comments are here in order:
• As indicated, the production can proceed via a neutral Higgs boson in the s-channel. We recall the relevant couplings (all fields incoming)
where p µ and p ∓ µ refer to the momenta of the neutral and charged scalars. Experimental data [3] favour the alignment limit, where
Thus, in this limit only the heavier Higgs bosons (H and A) can play a role here. Allowing for CP non-conservation (considering H 1 rather than h) does little to modify this conclusion.
• In Model I (and Model X) all couplings of the H + to quarks are proportional to cot β.
Thus, the production cross section decreases with increasing values of tan β. This is different from the MSSM, which has a Model II structure, and where the cross section has a minimum for intermediate values of tan β, of the order of m t /m b .
As suggested by Eq. (4.1), the kinematics may allow for s-channel resonant effects in the production [21] . However, the smallness of T does not allow for a large mass splitting between H ± , H and A. This restricts the possible resonant enhancement. Likewise, there are various possible decay modes:
As mentioned above, the H + → W + h vanishes in the alignment limit. For the more general case, allowing for CP violation, the relevant coupling is given by
Here, α 1 = α + π/2 and α 2 are two of the rotation angles describing mixing of the neutral Higgs fields [22] . A non-zero value of α 2 would indicate CP violation.
The decay H + → W + h (or H + → W + H 1 ) requires some deviation from the alignment limit, whereas H + → W + A and H + → W + A are limited by phase space. Thus, in practice, the channels H + → τ + ν and H + → tb are the most relevant ones, with the latter dominating by a tan β-independent factor of the order of (m t /m τ ) 2 .
The τ ν channel
The tau channel benefits from being rather "clean", and interesting limits have been obtained. Considering as an example, the case M H ± = 300 GeV, we note that both ATLAS and CMS obtain a 95% CL bound σ·BR(H + → τ + ν) ≤ (0.16−0.17) pb at 8 TeV [17, 18] . A recent ATLAS result at 13 TeV is 0.41 pb. 3 This is to be compared with the model expectation for the cross section and the branching ratio. Approximate 14 TeV cross sections are quoted in Table 1 for a few tan β values. Accurate values depend on the masses of the heavier neutral states. Barring any significant decay to W + h, the relevant branching ratio is given by (m τ /m t ) 2 ∼ 10 −4 . It is seen that the theoretical expectation is far below the current experimental limit. Furthermore, as long as the relevant search region is around tan β = 1, there is no significant difference between Model I and Model X, so Model X is no more and no less affected by the experimental bounds on this channel than Model I.
The tb channel
While the H + → tb channel suffers from high QCD background rates, sophisticated analyses have started to constrain these models. 8 TeV exclusion limits from CMS are shown in Fig 2 and reproduced in Table 2 , together with preliminary ATLAS results at 13 TeV and theoretical expectations for three values of tan β. For this channel, assuming BR(H + → tb) = 100%, we find that low values of tan β are excluded. On the other hand, σ(tan β = 30) ∼ 10 −2 pb, which is well below the exclusion limit. We conclude that in this intermediate mass region the search in the H + → tb is starting to constrain the model. Since a hadronic final state is considered in this search, there is no difference between Model I and Model X.
The high-mass region, 480 GeV <
∼ M H ± The high-mass region is distinguished by all Yukawa models being allowed, and also all decay modes listed in Eq. (4.4) .
In distinction from the low-and intermediate-mass regions discussed above, we now need to consider also the Model II cross sections. Cross sections are quoted for both models in Table 3 [10]. Note that the cross sections for the four models are pairwise the same,
but the decay rates would be different if lepton modes were considered. Because of the dependence on the H and A (or H 2 , H 3 ) masses, there is some uncertainty associated with the cross sections. The main features are:
• The cross sections fall off at high masses, mainly due to falling pdf's and phase space reduction, and • The Model I cross section falls with tan β approximately as 1/ tan 2 β, whereas the Model II cross section has a minimum around tan β = O( m t /m b ) due to the competition among the two terms in the coupling (2.4). Table 4 . For comparison, we quote the theoretical expectation for tan β = 1, for both Model I and Model II. It is seen that the expectation, at tan β = 1 is lower by factors ranging from 200 to 600. For higher values of tan β, the discrepancy would be even larger. Thus, searches in the τ ν channel are not yet constraining the 2HDM in this mass range. 
The tb channel
While the H + → tb channel suffers from large QCD backgrounds, the constraints obtained are more interesting. Experimental exclusion limits are given in Table 5 , and can be directly compared with the theoretical expectations quoted in Table 3 , approximating BR(H + → tb) = 1. It is seen that in the range M H ± = 500 − 600 GeV low values of tan β, namely tan β = O(1) are on the verge of being excluded for both Model I and Model II. Since no leptonic couplings are involved, this conclusion applies equally to Models X and Y. 
Summary
Within the 2HDM, the search for charged Higgs bosons has mainly proceeded in two channels, H + → τ + ν and H + → tb. In the τ ν channel, the searches have already excluded low values of tan β for Yukawa Models I and X and low masses, M H ± < m t . At higher masses, this channel
is not yet competitive.
In the intermediate-mass region, m t < M H ± < 480 GeV, searches in the tb channel exclude the 2HDM at low values of tan β, tan β < ∼ O(3). In the high-mass region, 480 GeV < M H ± , tan β values of order unity are also on the verge of being excluded up to about 600 GeV.
The bosonic decay modes, H + → W + A, H + → W + H and H + → W + h should also be kept in mind, though the former suffer from limited phase space, and the latter from the vanishing of the coupling in the alignment limit. 
